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Available online 13 January 2005AbstractSelf-assembled zinc sulfide (ZnS) of wurtzite structure nanocombs with a ZnO sheath have been grown using a simple
catalyst-free thermal evaporation technique in the alumina furnace. The ZnS nanocombs are as long as to several tens of
micrometers. The teeth with ZnO sheath are about 200 nm in length and 30 nm in width. The ZnO sheath is likely formed at
cool-down stage due to the residual O2.
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One-dimensional nanostructured materials have
been successfully synthesized and have received
much attention due to their importance in under-
standing the fundamental roles of dimensionality and
quantum size effect, and their potential applications
serving as the building blocks for electronic [1,2] and
optical nanodevices [3,4]. Properties of nanostruc-
tures may depend sensitively on their structures,* Corresponding author. Tel.: +886 3 5731166;
fax: +886 3 5718328.
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doi:10.1016/j.apsusc.2004.10.111morphologies and sizes. Considerable efforts have
been devoted to develop the controlled growth of
various one-dimensional semiconductor nanostruc-
tures with homogeneous structures and compositions
using laser ablation [5] as well as template-induced
[6], solution [7] and thermal evaporation methods
[8].
Zinc sulfide (ZnS), an important II–IV semicon-
ducting material, has a wide bandgap of 3.68 eV that
shows a wide optical transparency from the visible
region (400 nm) to the infrared region (12000 nm). It
finds applications in ultraviolet light-emitting diodes
and injection lasers [9], infrared windows [10] and
flat-panel displays [11]. In the past few years, ZnS.
M.Y. Lu et al. / Applied Surface Science 244 (2005) 96–100 97nanostructures have been studied extensively and
reported to have different characteristics from the
bulk. ZnS has two kinds of crystal structures: wurtzite
ZnS (hexagonal phase) and zinc blende ZnS (cubic
phase). In addition to nanowires [12,13] and nano-
particles [14], some fascinating morphologies have
been reported. Ma et al. have synthesized wurzite-
structured ZnS nanobelts and nanowindmills by
thermal evaporation of ZnS powders [15]. Zhu et al.
have fabricated ZnS tetrapod nanocrystals by thermal
evaporation of ZnS and carbon mixed powders [16].
In this paper, we report the self-assembled ZnS
of wurtzite structure nanocomb with ZnO sheath
synthesized using thermal evaporation in the alumina
furnace.Fig. 1. (a) A typical SEM image of nanocombs and (b) high-
magnification SEM image showing the teeth of a comb.
Fig. 2. (a) Bright-field and (b) dark-field TEM image of a single
nanocomb. The dark-field image was taken with ZnO [0 0 0 1]
diffraction spot.2. Experimental
Growth of ZnS nanocombs was carried out by
thermal evaporation of ZnS powder (99.99%) under
controlled conditions. An alumina tube was mounted
horizontally inside a tube furnace. One gram of ZnS
powder was put in an alumina boat located at the high
temperature zone. The Si wafer as the substrate was
ultrasonically cleaned for 10 min in acetone. The
substrate was then placed at the low temperature zone
(downstream). After the tube had been evacuated by a
mechanical pump to a pressure of 1.5  102 Torr, a
carrier gas of Ar + 5% H2 was kept flowing through
the tube from the high temperature zone to the low
temperature zone. During the deposition, the flow rate
and pressure inside the tube were kept at 10–50 sccm
and 0.5 Torr, respectively. The ZnS source powder was
heated at a rate of 5 8C/min to 1000 8C. The substrate
was kept at 600–800 8C for 30 min and 1 h. After
depositions, the samples were cooled to room tem-
perature in the furnace.
The morphologies, chemical compositions and
structures of the products were characterized by X-ray
diffractometry (XRD, Shimadzu 6000-XRD) with Cu
Ka radiation (l = 0.154 nm), field-emission scanning
electron microscopy (FESEM, JEOL JSM-6500F),
transmission electron microscopy (TEM, JEOL
JEM-2010) and high-resolution transmission electron
microscopy (HRTEM, JEOL JEM-3000F). The
HRTEM is equipped with an energy dispersive
X-ray spectrometer (EDS).3. Results and discussion
The conditions to obtain ZnS comb-like structure
were found to be in the following ranges: flow rate of
10–30 sccm, substrate temperature at 600–800 8C,
deposition time of 30–60 min. The pressure was kept
at 0.5 Torr. As the flow rate was increased to 50 sccm,
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island structure was formed. In samples held at
800 8C, the stems of ZnS combs became thicker and
straighter compared to that held at 600 8C. For
samples kept at 800 8C for 30 min, the density of the
tooth of ZnS comb-like structure was rather low and
scattered. As the deposition time was increased to 1 h,
the tooth became denser. The best conditions to obtain
high density, thin and straight stems of ZnS combs are
as follows: substrate held at 800 8C for 1 h in the
carrier gas with a flow rate of 10 sccm.
Fig. 1(a) shows a typical SEM image of nanocombs
with lengths up to several tens of micrometers. A high-
magnification SEM image is shown in Fig. 1(b); theFig. 3. (a) The high-magnification TEM image of a single tooth, EDS sp
regions A and B are composed mainly of Zn/S and Zn/O, respectively. (d)
reveals two sets of diffraction patterns, (e) HRTEM image of region A, r
growth direction is perpendicular to (0 0 0 1) plane, (f) HRTEM image ocomb’s teeth are about 200 nm in length and 20 nm in
width. All the XRD peaks could be attributed to ZnS
(wurtzite ZnS: a = 0.382098 nm, c = 0.62573 nm;
JCPDS file: 36–1450) and ZnO (wurtzite ZnO:
a = 0.324982 nm, c = 0.520661 nm; JCPDS file: 36–
1451). Fig. 2(a) shows the corresponding bright-field
TEM image of a single nanocomb. The nanoteeth of
the nanocombs varied in length. Fig. 2(b) is the dark-
field TEM image of the nanocomb taken with the ZnO
diffraction spots. The dark and bright diffraction
contrast images correspond to the ZnS nanocomb and
ZnO sheath layer, respectively.
Fig. 3(a) shows a high-magnification TEM image
of a single tooth, which reveals clear ZnS/ZnOectra of (b) region A and (c) region B seen in Fig. 4a showing that
SAED pattern including region A and region B along [1 2 1 0]
evealing that region A is wurzite-structured ZnS nanotooth and the
f region B showing wurtize-structured ZnO sheath.
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indicated that regions A and B in Fig. 3(a) are
composed mainly of Zn/S and Zn/O, respectively.
The EDS spectra are shown in Figs. 3(b) and (c). The
aluminum signals in Figs. 3(b) and (c) were artifacts
originated from the inadvertent contamination from
the alumina boats during the high temperature
synthesis process. The selected area electron
diffraction pattern (SAED) taken from the area
including both regions A and B is shown in Fig. 3(d)
indicating that the tooth yields to two sets of
diffraction spots, corresponding to ZnS and ZnO. The
HRTEM image of the region A representing ZnS core
is shown in Fig. 3(e). That growth direction of ZnS
nanotooth was analyzed to be along [0 0 0 1] and the
stems of the combs grow along [2 1 1 0]. The
result is in agreement with those reported previously
[17,18]. Fig. 3(f) is the HRTEM image of region B
indicating the presence of ZnO sheath. Similar
HRTEM images were obtained for all combs
synthesized at the same condition. The results
strongly suggest the formation of a ZnS(core)/
ZnO(sheath) structure. A further verification of the
ZnO sheath structure was obtained by dipping the
combs into HCl solution, which etched out the ZnS
core. A ZnO shell structure devoided of ZnS core was
observed.
The comb-like nanostructure has been attributed
to asymmetric growth on the two opposite surfaces
[18,19]. Wurzite-structured ionic crystals are often
composed of alternating planes of oppositely charged
ions. Wurzite ZnS structure is known to pile up
with Zn2+ and S2- ions alternatively along [0 0 0 1]
(c-axis), with positively charged (0 0 0 1) Zn surface
and negatively charged (0 0 0 1) S surface produ-
cing an accumulating dipole moment. The (0 0 0 1)
Zn polar surface is relatively active due to the dipole
moment so that it can induce asymmetric growth on
two opposite polar surfaces to result in comb-like
nanostructures.
The thermal evaporation of ZnS powders in the
ambient including H2 at high temperature can be
expressed in the following chemical reaction equa-
tions:
ZnSðsÞ !ZnSðgÞ (1)
ZnSðgÞ þ H2ðgÞ !ZnðgÞ þ H2SðgÞ (2)The ZnS(g), Zn(g) and H2S(g) were then transported
to the substrate (at 800 8C) to form the nanostructures.
The residual O2(g) in the furnace may react with Zn to
form ZnO:
ZnðgÞ þ
1
2
O2ðgÞ !ZnOðsÞ (3)
Zn þ H S !ZnS þ H (4)ðgÞ 2 ðgÞ ðsÞ 2ðgÞ
The Gibbs free energy (DG) for Eqs. (3) and (4) at
800 8C are positive and negative, respectively [19].
Therefore reaction of Eq. (4) can proceed. Only when
the temperature is lowered to about 500 8C, the reac-
tion of Eq. (3) can be effective. Then, the residual O2(g)
is expected to react with Zn(g) to form ZnO sheath. It is
therefore considered that ZnO sheath was formed
during the cool-down stage.4. Conclusions
Self-assembled ZnS of wurtzite structure nano-
combs with a ZnO sheath have been grown using a
thermal evaporation and catalyst-free condensation
method. The stems of ZnS combs were found to grow
along [2 1 1 0]. The asymmetric growth of ZnS
nanoteeth arrays occurred on the (0 0 0 1) polar
surface at 800 8C. During the cool-down stage, Zn
vapor react with residual O2 to form ZnO sheath. The
growth of a ZnS(core)/ZnO(sheath) structure was
never reported previously. In addition, best conditions
to obtain high density, thin and straight stems of ZnS
combs were found to be substrate held at 800 8C for
1 h in the carrier gas with a flow rate of 10 sccm. The
non-metal catalyst approach has the advantage of
producing high purity nanostructures. These nanoteeth
arrays might find applications in one-dimensional
photonic crystals and the investigation of non-linear
collective effects.Acknowledgements
The research was supported by the Republic of
China National Science Council Grant No. NSC 91-
2215-E-007-002 and Ministry of Education Grant No.
91-E-FA04-1-4.
M.Y. Lu et al. / Applied Surface Science 244 (2005) 96–100100References
[1] Y. Cui, C.M. Lieber, Science 291 (2001) 851.
[2] M. Bockrath, D.H. Cobden, P.L. McEuen, N.G. Chopra, A.
Zettl, A. Thess, R.E. Smalley, Science 275 (1997) 1922.
[3] S. Noda, K. Tomoda, N. Yamamoto, A. Chutinan, Science 289
(2000) 604.
[4] M.H. Huang, S. Mao, H. Feick, H. Yan, Y.Y. Wu, H. Kind, E.
Weber, R. Russo, P.D. Yang, Science 292 (2001) 1897.
[5] Y.F. Zhang, Y.H. Tang, N. Wang, D.P. Yu, C.S. Lee, I. Bello,
S.T. Lee, Appl. Phys. Lett. 72 (1998) 1835.
[6] J. Zhu, S. Fan, J. Mater. Res. 14 (1999) 1175.
[7] J.D. Holmes, K.P. Johnston, R.C. Doty, B.A. Korgel, Science
287 (2000) 1471.
[8] C. Ma, D. Moore, J. Li, Z.L. Wang, Adv. Mater 15 (2003) 228.
[9] T. Yamamoto, S. Kishimoto, S. Iida, Phys. B 308–310 (2001)
916.
[10] P. Calandra, M. Goffredi, V.T. Liveri, Colloids Surf. A 160
(1999) 9.[11] M. Bredol, J. Merichi, J. Mater. Sci. 33 (1998) 471.
[12] X.M. Meng, J. Liu, Y. Jiang, W.W. Chen, C.S. Lee, I. Bello,
S.T. Lee, Chem. Phys. Lett. 382 (2003) 434.
[13] Y. Jiang, X.M. Meng, J. Liu, Z.R. Hong, C.S. Lee, S.T. Lee,
Adv. Mater 15 (2003) 1195.
[14] N. Kumbhojkar, V.V. Nikesh, A. Kshirsagar, J. Appl. Phys. 88
(2000) 6260.
[15] C. Ma, D. Moore, J. Li, Z.L. Wang, Adv. Mater 15 (2003)
228.
[16] Y.C. Zhu, Y. Bando, D.F. Xue, D. Golberg, J. Am. Chem. Soc.
125 (2003) 16196.
[17] Z.L. Wang, X.Y. Kong, J.M. Zuo, Phys. Rev. Lett. 91 (2003)
185502.
[18] D. Moore, C. Ronning, C. Ma, Z.L. Wang, Chem. Phys. Lett.
385 (2004) 8.
[19] F.D. Rossini, D.D. Wagman, W.H. Evans, S. Levine, I. Jaffe,
Selected Values of Chemical Thermodynamic Properties,
United States Government Printing Office, Washington,
1952.
